NASA /TM—2003-212629 ATAA-2003-4177

‘rlﬁ:,v‘» > I

%

Daytime Solar Heating of Photovoltaic
Arrays in Low Density Plasmas

J. Galofaro
Glenn Research Center, Cleveland, Ohio

B. Vayner
Ohio Aerospace Institute, Brook Park, Ohio

D. Ferguson
Glenn Research Center, Cleveland, Ohio

October 2003



The NASA STI Program Office . . . in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key part
in helping NASA maintain this important role.

The NASA STI Program Office is operated by
Langley Research Center, the Lead Center for
NASA's scientific and technical information. The
NASA STI Program Office provides access to the
NASA STI Database, the largest collection of
aeronautical and space science STI in the world.
The Program Office is also NASA's institutional
mechanism for disseminating the results of its
research and development activities. These results
are published by NASA in the NASA STI Report
Series, which includes the following report types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results of
NASA programs and include extensive data
or theoretical analysis. Includes compilations
of significant scientific and technical data and
information deemed to be of continuing
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but
has less stringent limitations on manuscript
length and extent of graphic presentations.

e TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or
of specialized interest, e.g., quick release
reports, working papers, and bibliographies
that contain minimal annotation. Does not
contain extensive analysis.

e CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

¢ CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other

meetings sponsored or cosponsored by
NASA.

e SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

e TECHNICAL TRANSLATION. English-
language translations of foreign scientific
and technical material pertinent to NASA's
mission.

Specialized services that complement the STI
Program Office’s diverse offerings include
creating custom thesauri, building customized
databases, organizing and publishing research
results . . . even providing videos.

For more information about the NASA STI
Program Office, see the following;:

e Access the NASA STI Program Home Page
at http:/lwww.sti.nasa.gov

e E-mail your question via the Internet to
help@sti.nasa.gov

e Fax your question to the NASA Access
Help Desk at 301-621-0134

e Telephone the NASA Access Help Desk at
301-621-0390

e Write to:
NASA Access Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076



NASA /TM—2003-212629 ATAA-2003-4177

Daytime Solar Heating of Photovoltaic
Arrays in Low Density Plasmas

J. Galofaro
Glenn Research Center, Cleveland, Ohio

B. Vayner
Ohio Aerospace Institute, Brook Park, Ohio

D. Ferguson
Glenn Research Center, Cleveland, Ohio

Prepared for the

34th Plasmadynamics and Lasers Conference

sponsored by the American Institute of Aeronautics and Astronautics
Orlando, Florida, June 23-26, 2003

National Aeronautics and
Space Administration

Glenn Research Center

October 2003



Available from

NASA Center for Aerospace Information National Technical Information Service
7121 Standard Drive 5285 Port Royal Road
Hanover, MD 21076 Springfield, VA 22100

Available electronically at http://gltrs.grc.nasa.gov




Daytime Solar Heating of Photovoltaic Arrays in Low Density Plasmas
J. Galofaro!
National Aeronautics and Space Administration

Glenn Research Center
Cleveland, Ohio 44135

B. Vaynerj"
Ohio Aerospace Institute
Brook Park, Ohio 44142

D. Ferguson

§

National Aeronautics and Space Administration
Glenn Research Center

Cleveland, Ohio 44135

Abstract

The purpose of the current work is to
determine the out-gassing rate of H,0O
molecules for a solar array placed under
daytime solar heating (full sunlight)
conditions typically encountered in a Low
Earth Orbital (LEO) environment. Arc rates
are established for individual arrays held at
14 °C and are used as a baseline for future
comparisons. Radiated thermal solar flux
incident to the array is simulated by
mounting a stainless steel panel equipped
with resistive heating elements several
centimeters behind the array. A thermal plot
of the heater plate temperature and the array
temperature as a function of heating time is
then obtained. A mass spectrometer is used
to record the levels of partial pressure of
water vapor in the test chamber after each of
the 5 heating / cooling cycles. Each of the
heating cycles was set to time duration of
40 minutes to simulate the daytime solar
heat flux to the array over a single orbit.
Finally the array is cooled back to ambient
temperature after 5 complete cycles and the
arc rates of the solar arrays is retested. A
comparison of the various data is presented
with rather some unexpected results.

TSenior Researcher, Member AIAA.
*Serior Scientist, Member AIAA.
YSenior Researcher, Member AIAA.
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Nomenclature

molecular number density, m™

surface area, m?

flux, # molecules-m s~

out gassing rate, molecules - s~
mass, kg

pressure, Pa

Iz
n
Q

)
s
S

root-mean square of velocity, m*s™
wire current, A

load resistance, ohms

Boltzmann constant, J K!
Stefan-Boltzmann const.,W- m2K*
Total output power, W

radiated power, W

heat capacity, J/K

specific heat, W/kg -K

temperature, K

time, S
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Introduction

We have observed on numerous
occasions in ground chamber tests that
conventional silicon solar arrays begin to
instantaneously arc when the full negative
bias voltage is first applied to the array.'”
Indeed as many as 100 arcs or more arcs
have been observed in the first few seconds
after a large negative bias has been supplied
to the solar array. In order to preserve the
integrity of the array it often becomes
necessary to back off the bias potential to a
point just below the arcing threshold



where no arcs occur before proceeding to
determine the overall arcing rate for the
solar array. In principal the arcing process
for a particular array depends on a number
of factors. For example solar array design
and composition, small scale manufacturing
defects and or protrusions caused by non-
uniformity of the exposed contacts in
adjoining photovoltaic cells as well as arc
conditioning of solar array contacts all play
a significant role in the arc initiation
process. Furthermore plasma density at a
given bias voltage also influences the arcing
rate of individual strings on an array.

Most arcs tend to occur at the metal-
dielectric and plasma junctions (termed
triple junction sites) on a solar arrayB'5
However, it is also interesting to note that
more than 30 percent of all recorded arcs are
caused by arcs occurring at the edge of the
un-insulated photovoltaic cells on the solar
array. Moreover, previous experimental tests
have shown that arcs on solar array are
caused by a desorbed gas ionization
mechanism® Past optical spectroscopy
experiments,”® coupled with more recent
mass spectrometer measurements’ have
confirmed that condensed water vapor
molecules residing at the triple junction sites
are responsible for solar array arc initiation.

Solar Array Thermal Balance

In situ measurements of the maximum
output power P,, = 1000 W and the
maximum current I, = 9.1 amperes
supplied from a Variac under full resistive
load conditions R; = 9.8 Q were first
obtained. The total output power in watts is
given by

Ptat(IW) = I»%RL (1)
Where P,,(1,) is the total output power of

the heater plate and I,, is the current. A plot
of the radiated power is given in figure (1).
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The thermal heat capacity of the solar array
sample is given by equation (2).

-
= 2)

sample

where Q is the radiated power given by the
Stephan-Boltzmann law in equation (3) and
S = 0.46 m” is the area of the heater plate.
Assuming Ty is the temperature of the heater
plate and 7 represents the temperature of
the solar array sample we have

or) = S0 -T,)-2-0-T (3)

Note that the factor of -2 in equation (3)
comes from the fact that the array sample
radiates heat from both sides of the solar
array. The specific heat is defined as the
heat capacity, C,(7T) per unit mass of a
substance and is written as

c, = € 4

m

msample + fiberglass +...

The transfer of heat (or heat conduction
from T, to 7)) to the solar array across a
fiberglass plate of thickness d in time ¢ can
be written as

dT,
C, .p.d.j: a-O'-c-TO4 —2-0'-c-T14 (5)
t

The above equation can be rewritten in the
following form

dr, a-O'-c-T04_2-O'-c-Tl4 ©)
dt ¢, p-d ¢, p-d

We need to rewrite the above equation in
dimensionless units of T.

T,
=1 (7
TO



Dividing both sides of equation (6) by Ty
and making use of equation (7) yields the
following expression

dr _ a~G'C'TO3_2~G'C'TOS.T4 )
dt c, p-d c, p-d

Separating out the variables and, integrating
both sides of equation (8) results in

J~r 2‘O-'C'T03.J'Tl dt

dr = "
0 c, p-d “"905a-r1

where we estimate that )]

2.0-¢ T,
¢, p-d

= 10° > 10" sec.

Carrying out the integration on the right
hand side of equation (9) yields

[ = 40

05a—17"
(10)
where
& = L I{W}+2-taﬁl{f}
» 7—%a Ya

Combining equations (9) and (10) it is
possible to write

t = 10*-&(7) (11)

Where: 0 < a < 1. Setting a = 0.5 and
assuming the initial boundary conditions: at
t =0, T = 0.75. Figure 2 shows a plot of
equation (11). The radiant power available
to heat the solar array is about 0.8 of the
maximum power radiated by the heater.
Experimental plots of the thermocouple
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temperatures for the solar array and the
heater plate are shown in figure 3.

Experimental Apparatus

All tests were performed in the large
vertical chamber at the NASA Glenn
Research Center Plasma Interaction Facility
(PIF) shown in figure 4. A “Kaufman type”
discharge chamber equipped with a hot wire
filament was used to produce xenon plasma
for the experiment. The plasma source
adequately simulates the plasma densities
encountered in a LEO environment. A base
pressure of 9.99x10” Pa was established
before introducing xenon gas neutrals to the
vacuum chamber. High purity gaseous
xenon was slowly bled in the source using a
carefully controlled leak valve. Vacuum
tank pressure was monitored via an
ionization gauge. A neutral gas background
pressure of 5.33x10° Pa (4.0><10_5 Torr)
was maintained for all tests before turning
on the source and commencing with the
plasma production. Two spherical langmuir
probes were used to obtain the basic plasma
parameters as well as to monitor the degree
of ionization of the plasma. An electron
temperature of 1.7 eV and a number density
of 4.5x10° cm™ were maintained throughout
the tests. A mass spectrometer was used to
record the levels of partial pressure of H,O
vapor in the vacuum system before and after
each heating/cooling cycle.

The solar arrays supplied from the
manufacturer were mounted on an insulated
fiberglass backing material equipped with
mounting holes at each corner (see figure 5).
Each solar array has 3 individual strings
consisting of 12 cells per string with all cells
wired in series. The array strings were
positioned side by side with an insulating
RTV layer applied between each of the
adjacent strings on the array. Individual cells
were composed of conventional 6 cm by
9 cm silicon solar cells each developing an
output potential of 0.5 volts at 20 milliamps



of current under 1 full sun. The output of
each array string was directly tied to a single
RG-59 coaxial cable terminated with a BNC
connector. A total of 3 coaxial cables (one
cable for each array string) were connected
to each solar array. All wire connections
were tested for continuity, insulated with
kapton tape and washed with acetone prior
to mounting them on the heater plate
assembly. A second array panel was also
prepared in the same manner.

Next a 76 cm high x 61 cm wide plate
was cut from Y4 inch aluminum stock. Two
120V AC resistive heater elements were
attached to one side of the plate. Power was
supplied to the resistive load using a Variac
power supply. Holes were drilled into the
plate and four 7.6 cm high ceramic standoff
cylinders were attached. The two solar array
panels were then mounted to the ceramic
standoffs and the entire array and heater
panel assembly were hung in the tank.
(see figure 5). Finally two “type T”
thermocouples was attached (one the heater
plate assembly and a second attached to the
solar array). The 6 coaxial cables from the
solar array panels were next connected to
the electrical feed through port located on
the side of the vacuum chamber wall.
Outside the chamber each of the string
cables were attached to a BNC cable patch
network. The three strings of each solar
array were then connected in parallel so that
the full array could be biased.

Other miscellaneous equipment included
a mass spectrometer, current and voltage
sources (needed to power the plasma
source), two programmable source and
measure units (used for biasing the solar
arrays and monitoring the plasma density), a
current probe, voltage probe and, a 4
channel 2 GHz digital storage scope. Finally
an analog to digital card and data acquisition
software were installed on a microcomputer.
See figure 6 for details concerning the R-C
circuit and hardware used in detecting arcs
on a solar array.
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Test Results

A number of systematic measurements
were tailored to simulate the on orbit
daytime solar heating conditions that would
be encountered by a solar array placed in a
LEO environment. A maximum of five
orbits (each orbit being about 40 minutes in
duration) has been simulated by thermal
cycling the array to a temperature of
approximately 80 °C. The array is held at
80 °C for a duration of 40 minutes before the
array is allowed to be cooled back down to
the ambient temperature. The partial
pressure of H,O vapor in the chamber was
measured by the mass spectrometer at least
once during each thermal cycle. The array is
allowed to cool back down to the ambient
temperature and the partial pressure of water
vapor is recorded before the proceeding to
the next thermal cycle.

As a baseline measurement both the
partial pressure and the arc rates were
initially determined before thermal cycling
the array. Figure 7 depicts the relative
concentration of various species before any
thermal cycling with the array at 14 °C and
the tank pressure at 5.33x10™ Pa. Figure 8
shows a snapshot taken with the mass
spectrometer after 5 complete thermal cycles
with the array at 14 °C. Table A quantifies
the mass spectrometer results in numerical
form. The results in Table A show a 3.4
times reduction in the total pressure after
5 complete thermal cycles. Note that the

Table A

(Summary of partial pressures for several species after 5 thermal cycles)

Before Thermal Cycling: | After 5 thermal Cycles:
Species: (Pressure in Pa) (Pressure in Pa)
H §.95E-08 3.43E-08 2.6

Reduction

CH 7.14E-08 5.52E-08 1.3

0 8.97E-07 4.02E-07 2.2
OH 1.33E-06 3.83E-07 3.5
Hy0 1.38E-06 4.02E-07 3.4
ol 1.45E-06 B.04E-07 1.8
NO 3. 56E-07 1.94E-07 1.8
hydrocarbons 1.45E-07 8.66E-08 1.7

Total Pressure 1.74E-06 5.10E-07 3.4




relative concentrations of OH and H,O drop
at nearly the same reduction factor as the
total pressure. All measurements in table A
were obtained only after the array was
allowed to cool back down to the ambient
temperature. Figure 9 plots the partial
pressure of H,O in the vacuum chamber
obtained after each thermal cycle.

It is a strongly held contention that H,O
molecules residing at the triple junction sites
(interconnects) of a solar array are both a
necessary and sufficient condition for arcing
onset. The arcing criterion is used to test the
hypothesis of degassed water vapor loss due
to solar heating. We proceeded to measure
the arc rates after 5 complete thermal cycles
with the plasma source operating, tank
pressure at 5.33x107° Pa, and the array
temperature at 14 °C. Table B summarizes
the recorded arc rates that were measured
before and after 5 complete thermal cycles.

Table B

{ Summary of solar array arcing rates hefore and after thermal cycling )

Before Thermal Cycling: After 5 thermal Cycles:
Bias Voltage: | (3 sirings inparallel, C=001 uF) | (3 strings inparallel, C=001 pF)

-1V 20 arcs in 30 minutes 15 arcs in 30 minutes

S300V 28 arcs in 30 minutes 24 ares in 30 minutes

30V 26 arcs in 30 minutes 26 arcs in 30 minutes

In a separate test, with the plasma source
off, xenon gas flow to the chamber was cut
by closing an in line check valve. The
diffusion pumps were then allowed to pump
on the chamber in order to gain some incite
into how water is affected by the tank
pumping speed. The test was conducted with
no array heating and with the array held at
an ambient temperature of 20° C. Figure 10
clearly demonstrates how the relative
concentration of water molecules drops after
some 300 hours in the vacuum system.
Direct mass spectrometer measurements
have confirmed a 22 times reduction in the
partial pressure of water vapor after
300 hours of pumping with no heating.
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Out-Gassing Rate Calculations

A single molecule incident on an inside
surface of an enclosed volume will impart a
total impulse or pressure proportional to the
kinetic energy, Ex Multiplying the kinetic
energy of a single molecule by the number
of molecules, n, enclosed in the volume
yields the absolute pressure, P.

P = n%-Ek (12)

Where that n is the molecular number
density per cubic meter and m = 18-m, (the
mass of the H,O molecule times the rest
mass of the proton my). The kinetic energy
of a single molecule Ej is proportional to its
temperature, 7 in degrees Kelvin.

Vo= 3

E, = m-v. = 2-K~T (13)

1
2
The mean thermal velocity calculated by
Maxwell and Boltzmann is given by

L KT .
T-m

Where v is given in units of meters per
second. Using equations (12 and 13) the
absolute pressure P can be written as

P = nmv: = n-K-T (15)

Note n is the number of molecules per cubic
meter at an absolute pressure P. The
pressure P is given in units of pascals. K is
the Boltzmann constant. Solving for n in
equation (15) yields:

P
= X7 (16)

The number of H,0 molecules crossing a



unit area in space per second is given by the
flux, I'. The flux is given by

< |

n .
r = — 17

2 (17)
Multiplying the flux I' by the area of the
array S, the out-gassing rate of H,O
molecules from the surface can be estimated
from equation (18).

S
< |

(18)

Where R,,, has units of the number of
molecules per second and S, = 0.173 m’
represents the combined area of both arrays.
Table C tabulates the out-gassing rate of
water vapor molecules during each thermal
cycle, as well as the result for a 300 hour
test in the vacuum at 20 °C with no thermal
cycling. For comparison purposes Table C
also tabulates the calculated out-gassing rate
of water molecules evaporated from the
surface of the solar array for a 220 km
altitude orbit in space which is heated to
temperature of 80 °C by the sun.
Table C

(Summary of outgassing rates for water vapor molecules under various cir

P T n v Rout

R (pa) CK) | mad-m 3 | (m-sD {mol.s71)

during 1" thermal cyele 344E-03 37 T39E+1T | 62727 | 2.00E+19

dwing an thermal cycle 2.00E-02 348 4.14E+18 | 63742 LI4E+20

during 3“l thermal cycle 4.91E-03 347 LOZE+I8 | 63651 | 282E+19

during 4™ thermal cycle 412503 M5 | BESEHT | 63467 | 237EH19

during 5t thermal eyele LO0E-02 50 | 281EAS | 63925 | TITE

300 hours pumping in vacuum

chamber, no thermal cycling L4E03 | 23 | 306EN7 | 5489 | TMEIMS

220km Jow earth orbit L33E05 35 1HE+S | 64198 | T59E+16

Summary

The rate of loss of H,O molecules from a
surface depends largely on temperature,
pressure and molecular number density. For
a (180-300)km orbit (Space Shuttle orbiter)
the absolute pressure is ranges from 6.68E-
05 Pa to 1.68E-06 Pa (or 5.01E-07 Torr to
1.26E-08 Torr). The base pressure of the
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vacuum chamber clearly puts us within the
(180-300)km altitude range. Temperature
ranges from +80 °C in full sunlight to —-80°C
to —100 °C during eclipse at these altitudes.
Assuming a 220 km orbit (corresponding to
an absolute pressure P = 1.33x10° Pa
(107 Torr) and an array temperature T =
353 K (80 °C), it possible to calculate an
over all out-gassing rate R,, in space. Our
best estimate for the out-gassing rate of
water molecules from the surface of an array
situated in a 220 km orbit at 80 °C is
7.59E+16 molecules per second (see table C
for details). Note that the over all out-
gassing rate in space differs by 2 to 3 orders
of magnitude from the out-gassing rates in
the chamber during thermal cycling. The
main reason for the large disparity in the
out-gassing rate between space and the
vacuum chamber arises from the difference
in pressure. Because the vacuum chamber is
a confined space of constant volume a rise in
temperature results in a rise in pressure and
molecular number density.

It has been hypothesized that H,O
molecules residing at the triple junction sites
(interconnects) of a solar array establish
both a necessary and sufficient condition for
arcing onset in solar arrays. The arcing
criterion has therefore been used to test the
hypothesis of degassed water vapor loss due
to solar heating. However, results for the
tests were inconclusive. While there is a
slight reduction in arcing rate (after 5
thermal cycles) at the —280 V and -300 V
bias levels, there is virtually no change in
the measured arc rate at a bias level of
=320 V.

Current  ground  chamber  arcing
experiments conducted at the NASA Glenn
Plasma Interaction Facility attempt to
simulate the electrical conditions
encountered by a spacecraft in orbit by
simulating electron number densities, not the
absolute pressure. Subsequently prior to
doing the arc rate tests we first need to
establish xenon plasma in the vacuum
chamber. Note that the single largest
contribution to the absolute pressure in the



chamber is due to the abundance of xenon
gas. With xenon gas flowing and the plasma
source operating we can do no better in
pressure than 1.33E-03 Pa (10_5 Torr) while
keeping electron number densities within
acceptable limits.

The vacuum chamber is a closed loop
system. Water vapor driven out of the array
by heating is absorbed by the diffusion
pumps. The remaining water vapor in the
plasma re-condenses on the surfaces of the
of the solar array and chamber wall as soon
as the array is cooled. This is not the case
for a solar array out-gassing in space. (Water
molecules removed by heating would
continue to move away from the array
expanding into space at a speed equal the
mean thermal velocity.) What this ultimately
means is that it is simply not possible to
pump on Xenon, H,O vapor, oil and all
other mass species in the chamber to better
then 10~ Torr. Water is removed from the
chamber at much slower rate then would be
the case without xenon gas flowing. As a
result the diffusion pumps were unable
remove enough water vapor from the
chamber to effectively test the arcing
criterion with any degree of certainty.
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Themomocople temperature plots for heater plate and
solar array. Array temperature is about half of the
heater plate temperature.

Solar arrays mounted to heater plate assemhbly
with ceramic tube spacers.
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Figure 6:

R-C circuit and hardware used for detecting arcs on solar arrays.
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